INTRODUCTION
Recently there has been increasing interest in the control mechanisms involving fl-oxidation of fatty acids because of diseases that are now known to result from genetic defects of one or more enzymes involved in this oxidative pathway [1, 2] . fl-oxidation of a fatty acyl-CoA occurs in mitochondria as a repetitive process of sequential dehydrogenation, hydration, oxidation to a fi-oxo acid and finally condensation with a second molecule of CoA. Conversion of palmitoyl-CoA into acetyl-CoA normally takes place without detectable accumulation of medium-or shortchain acyl-CoA species [3, 4] , and it has therefore been suggested that the enzymes of fl-oxidation exist as organized complexes, either in association with the mitochondrial inner membrane or in the mitochondrial matrix [5, 6] . Carpenter et al. [7] provided recent direct evidence for organization of several fl-oxidation enzymes by purifying to homogeneity the long-chain-specific 3- hydroxyacyl-CoA dehydrogenase from human infant liver and showing that the 2-enoyl-CoA hydratase, 3-hydroxyacyl-CoA dehydrogenase and 3-oxoacyl-CoA thiolase activities are all part of the same, multifunctional, membrane-bound enzyme. Uchida et al. [8] confirmed that the long-chain 3-hydroxyacyl-CoA dehydrogenase from rat liver is also a trifunctional protein and is membrane-bound. The corresponding 2-enoyl-CoA hydratase, 3-hydroxyacyl-CoA dehydrogenase and 3-oxoacyl-CoA thiolase activities involved with fl-oxidation of short-chain and mediumchain acyl-CoA species and all of the acyl-CoA dehydrogenases (the enzymes which catalyse the first step in the fl-oxidation spiral pathway) are all thought to be water-soluble matrix proteins, and here experimental evidence for functional organization is more elusive. Sumegi and Srere [5] have shown that several water-soluble fl-oxidation enzymes, including the shortchain enoyl-CoA hydratase (crotonase), f-hydroxyacyl-CoA dehydrogenase, and ,-ketothiolase, all bind to mitochondrial Indeed, n.m.r. spectra of freeze-clamped, acid-extracted tissue show that octanoate undergoes complete fl-oxidation in control normoxic rat hearts, but not in anoxic hearts. Complete 8-oxidation of octanoate was observed under a number of other metabolic conditions in perfused rat hearts, including lowpressure-induced ischaemia, KCl arrest and in the presence of high concentrations of competing substrates. We also demonstrate that the technique is applicable in intact tissue by taking direct measurements in perfused rat hearts using a recently published {13C}homonuclear decoupling technique and in in vivo heart and liver removed from rats after an intravenous infusion of a mixture of [2,4,6,8-13C] octanoate and [1,2,3,4-13C] octanoate.
inner membranes but not to phosphatidylcholine liposomes. More recently, Sumegi et al. [9] showed that respiration-linked oxidation of 3-hydroxybutyryl-CoA was significantly faster in gently sonicated mitochondria (where the presumed organization of matrix enzymes was partially intact) than in fully disrupted mitochondria (where any organized structure was certainly destroyed and diffusion becomes r.ate-limiting). Both experimental observations lend support to the view that the matrix soluble enzymes may be organized as well.
Deficiencies in acyl-CoA dehydrogenases have now been associated with numerous inborn errors of metabolism [2] . In particular, both short-chain [10] and medium-chain [11, 12] decreased to 25 cm of water to reduce coronary flow and induce partial ischaemia, while in others anoxia was induced by switching the gas bubbled through the perfusate from the usual O2/CO2 (19:1) to N2/CO2(19: 1). The coronary flow rates were 12-18 ml/min in hearts perfused at normal pressures and 5-7 ml/min at low pressure. All hearts were perfused with a modified Krebs-Henseleit buffer containing 119.2 mM NaCl, 4.7 mM KCI, 1.25 mM CaCl2, 1.2 mM MgSO4, 25 mM NaHCO3 and 10 mM glucose. After addition of a 13C-enriched substrate, each heart was perfused with 125 ml of recirculating buffer to isotopic and metabolic steady state (30 min for normal pressure, both normoxic and anoxic; 45 min for low pressure) before freeze-clamping. The time required to reach steady state was determined by freeze-clamping hearts at various time points after introduction of a 13C-enriched octanoate and comparing their spectra. The tissue was judged to be at isotopic and metabolic steady state when the glutamate 13C-multiplet peak areas no longer changed with longer perfusion periods. Freeze-clamped hearts were extracted with 7 % (w/v) cold HC104, neutralized with KOH, freeze-dried and dissolved in 0.6 ml of 2H20 for n.m.r. analysis. For the in vivo experiments, a 1: 1 (54 mg each) mixture of [2,4,6,8-13C] octanoate and [1,2,3,4-13C] octanoate was dissolved in 2 ml ofdeionized water. Rats(I 80-200 g) were anaesthetized by intramuscular injection of a bolus mixture of 500 ,1 of ketamine (100 mg/ml) and 70 #1 of xylazine (100 mg/ml). The juglar vein was cannulated, and the mixture of octanoates was infused continuously for 1 h (2 ml/h) before freeze-clamping the heart and liver. The freeze-clamped tissue samples were extracted as described above.
N.m.r. methods Proton-decoupled 13C n.m.r. spectra of the heart extracts were obtained on a GN-500 spectrometer in a 5 mm probe using 16000 data points, a 45 0 observe pulse every 6 s, and WALTZ bilevel proton decoupling. The temperature was maintained at 25°C using a standard General Electric variable temperature accessory. All spectra were zero-filled to 32000 points before Fourier transformation, and the relative areas of the multiplet components in each glutamate resonance were determined by using the deconvolution package in n.m.r.-286 (SoftPulse Software, Guelph, Ontario, Canada).
Spectra of intact, perfused hearts were collected in a 18 mm thin-walled n.m.r. tube (Wilmad) with the heart bathed in perfusate using a 300 observe pulse every 1.3 s, with WALTZ bilevel proton decoupling, and 16000 data points, as previously described [17] . Shimming was performed on the 23Na free induction decay; typical linewidth was 17-22 Hz. Homonuclear 13C decoupling was accomplished by using single-frequency decoupling generated by the spectrometer's F3 channel [20] . The relative areas of the multiplet components in each glutamate resonance were quantified as described above.
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The glutamate C-4 resonance from a 13C-n.m.r. spectrum of an extract ofa rat heart perfused with a 1: 1 molar mixture (0.25 mM each) of [1,2,3,4-13C] -and [2,4,6,8-'3C] -octanoate is shown in Figure 1 . This resonance has four multiplet components: a tract of a rat heart singlet (S), two doublets (D34 and D45) and a quartet (Q). The singlet (S) represents those isotopomers which have 13C at 3413C] and [2,4 68 C-4, but not at C-3 or C-5. One of the doublets, D34, corresponds 5 , doublet due to j4; to those isotopomers with 13C at both C-3 and C-4, but not at C-5.
The second doublet, D45, has a different coupling constant and represents isotopomers having 13C at both C-4 and C-5, but not at C-3. Finally, a quartet (Q, or, more precisely, a doublet of doublets) corresponds to those isotopomers with carbon enriched at all three glutamate carbons (C-3, C-4 and C-5). The areas of the glutamate C-4 multiplet resonances reflect the uptake of acetyl-CoA enriched at different carbon atoms. The 13C fractional enrichment of the acetyl-CoA carbon atoms entering the citric acid cycle is defined according to Malloy et al. [21] . In this notation, the fraction of acetyl-CoA enriched with "3C in the carbonyl carbon only (C-1), the methyl carbon only (C-2), or in 
RESULTS
Hearts perfused with either [2,4,6,8-13C] octanoate or [1,2,3,4- 
13C]octanoate
Representative 13C spectra of hearts perfused to steady state with either 0.5 mM [2,4,6,8-13C] octanoate (top) or [1,2,3,4-13C] octanoate (bottom) are shown in Figure 2 (a) and Figure 2(b) [2,4,6,8-13C] octanoate, while only 40%
was derived from unidentified endogenous sources (Table 1 ).
The spectrum shown at the bottom of Figure 2 from a heart perfused to steady-state with [1,2,3,4- [2,4,6,8-13C] octanoate (Fco0 = 0.04), the contribution from the unenriched 'end' of [1,2,3,4-13C] [1,2,3,4-'3C] octanoate) during lowpressure perfusion. A determination of F00 (the contribution to acetyl-CoA from the unenriched 'end' of [1,2,3,4-13C] octanoate) in these spectra using the same assumptions as outlined above showed that F0o0 appeared to be somewhat lower than F03 (see Table 1 ). This indicates that every [1,2,3,4-13C] octanoate molecule may not undergo complete fl-oxidation in partially ischaemic heart tissue.
Upon examining these data more closely it became clear that the data from the two different enriched octanoate substrates were not internally consistent. For example, FC2 appeared to Chemical shift (p.p.m.) Figure 2 13C-n.m.r. spectrum of an extract of a rat heart which had been perfused to steady state with (a) 0.5 mM [2,4,6,8-13C] octanoate or (b) 0.5 nM [1,2,3,4-1C] octanoate
The insets show the glutamate C-4 resonance expanded. A different heart was used for each perfusion. Resonances labelled G2, G3 and G4 represent glutamate C-2, C-3 and C-4
respectively. [2, 4, 6, decrease significantly between high and low pressure conditions in hearts perfused with [2,4,6,8-_3C] octanoate, while F03 did not change significantly between these same groups ofhearts perfused with [1,2,3,4-13C] octanoate (see Table 1 ). We surmised that these parameters might be quite sensitive to small changes in concentration and, because of small variations in perfusion volume for each heart, it was possible that the actual concentrations of the two enriched octanoate samples were different by a few per cent. Thus we sought to test the hypothesis that these molecules may not be fully oxidized by ischaemic heart tissue using experimental conditions where the amount of octanoate presented to hearts could be more precisely controlled.
Hearts perfused with a 1:1 mixture of [2, 4, 6, and [1,2,3,4-13C] octanoate
The model shown in Figure 3 illustrates how FC2, F and Fco, may be determined from a single spectrum. Assuming [2,4,6,8-13C] octanoate and [1,2,3,4-13C] [1, 2, 3, [2, 4, 6, Hearts were perfused with a mixture of 0.25 mM [1,2,3,4-'3C] octanoate and 0.25 mM [2,4,6,8-13C] different. Addition of 10 mM acetate decreased octanoate utilization, but only to about 86o%. 8f-Hydroxybutyrate at 5 mM had the most pronounced effect, reducing the total octanoate contribution to acetyl-CoA to about 60 %. However, with both competing substrates, the FC2/Fc3 ratio remained near 2 and F13 was equal to Fco0 in both groups.
FIgure 4 13C-n.m.r. spectrum of an Intact rat heart
The heart was supplied with 1:1 molar mixture of [1,2,3,4-'3C]-and [2,4,6,8-13C ]-octanoate.
The bottom plot (b) shows the glutamate C-2, C-4 and C-3 resonances before homonuclear decoupling was turned on, while the top spectum (a) shows the three-line multiptets of glutamate C-2 and C-4 during homonuclear decoupling of glutamate C-3. Resonances labeled G2, G3 and G4 represent glutamate C-2, C-3 and C-4 respectively. Spectra of Intact, perfused hearts and tissue extracts from live animals after Infusion of a 1:1 mixture of [2,4,6,8-15C] octanoate and [1, 2, 3, We have recently introduced a {'3C}homonuclear decoupling method which simplifies the nine-line glutamate C-4 resonance (see Figure 1 ) into a three-line multiplet without significant loss of metabolic isotopomer information [20] . The spectrum shown in Figure 4 is that of an intact, functioning rat heart oxidizing a 1: I mixture of the two enriched octanoates. No other unlabelled substrates were present. Upon homonuclear decoupling of glutamate C-3, the C-4 resonance appeared as an overlapping singlet (C-4S') and doublet (C-4D'), with the doublet having a coupling constant of 52 Hz characteristic of J 45 coupling [20] . As shown in Figure 4 , the C-4S'/C-4D' directly reported FC2/FC3 which again was found equal to 2. This demonstrates that direct information about fl-oxidation of fatty acids can be obtained non-invasively, without tissue biopsies and high-resolution spectra of tissue extracts.
To test whether octanoate is also highly utilized in vivo, where numerous other endogenous substrates are also present, we infused an equimolar mixture of the two enriched octanoates (54 mg each, intravenously) into 180-200 g rats over a period of 60 min before killing the animals and freeze-clamping the heart and liver. 13C spectra of acid extracts of a heart and a liver are shown in Figure 5 and a summary of the FCX variables derived from such spectra is given in Figure 5 Proton-decoupled 13C-n.m.r. spectra of extracts of a heart la) and liver (b) from a rat after Infusing 54 mg each of [2,4,6,8-13C] -and [1,2,3,4- 13C]-octanoate
Resonances labelled G2, G3 and G4 represent glutamate C-2, C-3 and C-4 respectively. Gln-C-2, Gln-C-3 and Gln-C-4 in the liver spectrum are from glutamine C-2, C-3 and C-4 respectively. [1,2,3,4-13C] -and [2,4,6,8-13C]octanoate Results are means+ S.D. Rats were infused with 54 mg each of [1,2,3,4-13C ]-and [2,4,6,8- 13C]-octanoates for 60 min before removing and freeze-clamping the heart and liver. Fco, and Fco were determined as described in Figure 3 . differs from ours in the in vivo liver because of organizational differences of the enzymes of fl-oxidation in isolated cells versus intact tissue, but it is certainly consistent with this hypothesis.
In hearts perfused with 0.5 mM octanoate, the virtual lack of competition by 10 mM lactate (20-fold molar excess), the relatively minor competition by 10 mM acetate (20-fold molar excess), and the substantial competition by 5 mM ,-hydroxybutyrate (10-fold molar excess) suggests that these substrates may compete with octanoate by different mechanisms. Latipaa et al. [19] have shown that 2 mM octanoate decreases the % active form of pyruvate dehydrogenase from 48 % in control hearts to 17 % in octanoate perfused hearts, so the observed non-competition by 10 mM lactate may reflect low activity of pyruvate dehydrogenase in octanoate-perfused hearts. Forsey et al. [18] have also shown that 5 mM pyruvate, lactate or glucose do not compete with 0.1 mM octanoate as a metabolic fuel in the isolated perfused heart, while 5 mM acetoacetate or ,-hydroxybutyrate do compete effectively. The greater tendency for hearts to oxidize 0.5 mM octanoate (2 mM acetyl-CoA equivalents) over either 10 mM acetate or 5 mM ,-hydroxybutyrate (both 10 mM acetyl-CoA equivalents) may reflect the ease by which this medium-chain fatty acid is able to diffuse into the mitochondrial matrix. f-Hydroxybutyrate is thought to be transported via a non-specific monocarboxylate-transport protein [27] , acetate transport is thought to occur via the HCO3--transport system [28] , while octanoate apparently freely diffuses across the mitochondrial inner membrane [18] .
In summary, the 13C method presented here for monitoring incomplete f-oxidation of fatty acids can be applied to any tissue and under a variety of metabolic circumstances. The method is simple, quantitative, non-invasive and therefore easily applied in vivo. It offers advantages over traditional radiolabelling methods for interrogating the f8-oxidation spiral of reactions in vivo because the 13C spectrum of glutamate C-4 directly reports the 13C isotopomer population of acetyl-CoA entering the citric acid cycle in each tissue. It thus offers the possibility of examining the extent to which the enzymes of f-oxidation are functionally intact in vivo so that, once committed, an acyl-CoA remains in the f-oxidation spiral until it is completely oxidized to acetyl-
